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Stress-denatured or de novo synthesized and translocated unfolded polypeptides can spontaneously
reach their native state without assistance of other proteins. Yet, the pathway to native folding is
complex, stress-sensitive and prone to errors. Toxic misfolded and aggregated conformers may
accumulate in cells and lead to degenerative diseases. Members of the canonical conserved families
of molecular chaperones, Hsp100s, Hsp70/110/40s, Hsp60/CCTs, the small Hsps and probably also
Hsp90s, can recognize and bind with high afﬁnity, abnormally exposed hydrophobic surfaces on
misfolded and aggregated polypeptides. Binding to Hsp100, Hsp70, Hsp110, Hsp40, Hsp60, CCTs
and Trigger factor may cause partial unfolding of the misfolded polypeptide substrates, and ATP
hydrolysis can induce further unfolding and release from the chaperone, leading to spontaneous
refolding into native proteins with low-afﬁnity for the chaperones. Hence, speciﬁc chaperones act
as catalytic polypeptide unfolding isomerases, rerouting cytotoxic misfolded and aggregated poly-
peptides back onto their physiological native refolding pathway, thus averting the onset of protein
conformational diseases.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Under ideal conditions, such as non-physiologically low tem-
peratures and low molecular crowding, stress-unfolded proteins
may spontaneously reach their most stable native functional con-
formations, while solely directed by their primary amino acid se-
quence [1]. Thus, in vitro or in cells, newly synthesized
polypeptides that are not mutants particularly prone to misfolding
and aggregation can spontaneously acquire local native-like sec-
ondary structures, such as a-helices and b-strands, and form do-
mains further coalescing into compact native-like polypeptides,
which may associate into discrete functional quaternary oligomers
(Fig 1, upper green path left to right).
Yet, under heat-shock in cells with protein concentrations reach-
ing up to 200 mg/ml [2], newly synthesized or imported polypep-
tides emerging from the ribosomes or translocation pores may
misfold and aggregate, unless carefully funneled to the native state
by an elaborate network of molecular chaperones [3]. Protein mis-
folding and aggregation are biologically deleterious processes start-
ingat the ribosomeexit orwhen labile nativeproteins are exposed to
various stresses, such as heat-shock or freezing, and become locally
unfolded and gain enough free energy to transiently exposehydrophobic residues to the aqueous phase (Fig 1, Black pathway).
Because this is a thermodynamically unfavorable state, the partially
unfolded species readily seek more stability by favoring the
formation of short intra-molecular amphiphilic b-sheets that self-
associate through hydrophobic surfaces and multiple cooperative
H-bonds, leading to the stabilization of compact misfolded
monomers (Fig. 1) [4–6].When the concentrationof suchmisfolding
intermediates is high, partially exposed misfolded amphiphilic
b-sheets may further cooperatively bind to similar hydrophobic
surfaces on neighboring misfolded polypeptides and thus gain
inter-molecular stability by forming stable inactive oligomers of
various sizes, generally called aggregates [3]. In contrast to the
discrete native oligomers that may ultimately form at the end of
the native pathway (Fig. 1, green pathway, right), misfolded species
may evolve with increasing exposure to stress into various popula-
tions of oligomers and increasingly toxic disordered aggregates,
whichmay subsequently turn into less toxic, because they aremore
compact, intracellular ﬁbrillar aggregates, also called tangles, or into
extracellular amyloids [3,7](Fig. 1 Black pathway, right).
Because of the strong cooperative H-bonds that maximize
favorable intermolecular hydrophobic and van der Waals
side-chain contacts, the association of hydrophobic surfaces in
disordered aggregates, in particular in protoﬁlaments, can be
highly stable [8]. Thus, despite their general low intrinsic stability,
individual misfolded polypeptides entangled within aggregates
cannot spontaneously break apart from the aggregate within a
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Fig. 1. The role of holding, unfoldase and disaggregase chaperones on the different possible states of a given polypeptide. Green: the nontoxic native folding pathway from
unfolded monomer (left) to natively folded monomer and to natively assembled oligomer (upper right). Black: the toxic non-native misfolding pathway from unfolded
monomer (left) to misfolded monomer to misfolded oligomer to disordered aggregate or ordered ﬁbrillar aggregate (lower right). Red: The unfolding and disaggregating
chaperones (lower right) Hsp70, Hsp110 and Hsp104 obligatorily use ATP to break apart stable, potentially toxic aggregates and misfolded oligomers. The unfoldase
chaperones (lower left) Hsp70, GroEL and CCT may also use ATP to catalytically unfold potentially toxic misfolded monomers into non-toxic natively refoldable species.
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state to thereafter acquire the native state (Fig. 1, the unfolded
monomer state). Whereas by virtue of their inactivity, misfolded
and aggregated proteins likely compromise cellular ﬁtness, the
various soluble misfolded species and non-compact inactive aggre-
gates may, moreover, be cytotoxic, especially to animal cells, and
even infectious as in the extreme case of prions [9,10]. Hence, pro-
tein misfolding and aggregation is a central cause for age-related
degenerative diseases, generally called protein conformational dis-
eases that are associated with the formation of protein aggregates
in and outside mammalien cells, which, once compacted into
highly organized amyloids, are hallmarks of pathologically degen-
erated tissues [3,7]. The causes for cellular toxicity are not yet well
understood but likely associated to the tendency of misfolded pro-
tein conformers to spontaneously form deleterious pores into
membranes [11] and lure other metastable proteins to convert into
inactive misfolded, cytotoxic and possibly infectious protein con-
formers [12], which may further propagate proteotoxicity to neigh-
boring cells and tissues [13]. Thus, various protein aggregates
appear to be the main cause for apoptosis and tissue degeneracy,
leading to pathologies such as diabetes type 2, amyotrophic lateral
sclerosis, cystic ﬁbrosis Alzheimer, prion and Parkinson diseases
[14–17].
The molecular chaperones are primary cellular defences both in
bacteria and eukaryotic cells, preventing and averting mutation-
and stress-induced accumulation of proteotoxic misfolded and
aggregated proteins [3]. The most abundant and best studied
molecular chaperones belong to ﬁve major protein families, which
are highly conserved, traditionally named in eukaryotes Heat-
Shock Proteins (HSPs) and classiﬁed according to their approxi-
mate molecular weighs on SDS gels [2,18]: 1) HSP100 (ClpB), 2)
HSP90 (HtpG), 3) HSP70/HSP40/NEF (DnaK/DnaJ/GrpE), 4) HSP60/
HSP10 (GroEL/GroES) and 5) the small HSPs (IbpA and IbpB)(E. coli
chaperones in brackets). Generally, all chaperones can assist the
native folding of nascent polypeptides [19], unfolding and translo-
cating polypeptides across membranes to the mitochondria, endo-
plasmic reticulum and chloroplast [20–22]. Chaperones may also
mediate the assembly and disassembly of native oligomers
[23,24] and regulate the stability and activity of various signaling
protein oligomers, such as steroid hormone receptors or heat-
shock transcription factors [25,26]. In the human genome, thereare about 150 putative ‘‘chaperome’’ members, composed of bioin-
formatically identiﬁable Hsp100s, Hsp90s, Hsp70s, Hsp60s and
small Hsps core-chaperones, of their co-chaperones and two clas-
ses of folding enzymes: the peptidyl prolyl isomerases and the pro-
tein disulﬁde isomerases [18]. Indicative of the acute challenge of
protein misfolding and trafﬁcking in cells, and of the central role
for mechanisms controlling protein homeostasis in biology, 70
members of the human chaperome form as much as 9.8% of the to-
tal protein mass of unstressed human cells [2].
Towards a ubiquitous unfolding mechanism for most molecular
chaperones. All molecular chaperones can bind misfolding interme-
diates and, as such, prevent directly or indirectly protein misfold-
ing and aggregation [27–30]. Yet, they may achieve this by
different complementary mechanisms that optimize their con-
certed action within the larger network of molecular chaperones
and proteases controlling cellular proteostasis [18,31,32]. By virtue
of their ability to speciﬁcally recognize and act upon unfolded, mis-
folded, alternatively-folded or aggregated polypeptides as speciﬁc
substrates, all classes of molecular chaperones can spontaneously
bind misfolding and aggregating intermediates and thus passively
prevent further protein aggregations. Yet, prevention of aggrega-
tion is done with a relatively limited efﬁcacy, since only a large
molar excess of Hsp90, Hsp70, Hsp60, trigger factor, Hsp40 or
small Hsps can reduce the light scattering signal of heat-denatur-
ing thermo-labile proteins, or aggregating urea-unfolded species
[33,34]. In vitro, as much as a ten fold molar excess (in protomer)
of chaperone molecules may be necessary to prevent in part, the
aggregation of a single polypeptide substrate. This inefﬁcient and
biologically counter-intuitive observation implies that in order to
prevent the aggregation of all the polypeptides synthesized, trans-
located and degraded during their eventful stressful life, cells
should permanently maintain at least as many ‘‘holding’’ chaper-
ones as there are other proteins. This may be nearly the case in par-
ticular instances, for example in eye lens or testis cells, respectively
accumulating massive amounts of a-crystallin or CCT chaperones
[35–38] and possibly justify why molecular chaperones may con-
stitute up to 10% of the total protein mass of average human cells
[2]. In any case, when describing mere passive 1:1 binding pre-
venting aggregation without involving a catalytic process, the term
‘‘holdase’’ chaperones should be avoided [39–41]. The sufﬁx ‘‘ase’’
is reserved in biochemistry to enzymes that accelerate in multiple
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ecules into product molecules. The term ‘‘holding chaperone’’
would better ﬁt to describe the non-catalytic ability by some
molecular chaperones, such as the small Hsps, trigger factor or
Hsp90, to passively prevent polypeptide aggregation, which we ob-
serve in vitro (Fig. 1, red path).
Noticeably, whereas without ATP the binding and the anti-
aggregation capacities of the bacterial chaperone DnaK and its
co-chaperone DnaJ are relatively weak and additive, in the pres-
ence of ATP much lower concentrations of DnaK and DnaJ become
strongly synergic at effectively preventing the aggregation of dena-
turing luciferase [42]. This suggests that in the cell, some chaper-
ones may use energy-consuming mechanisms to actively prevent
the aggregation of stress-labile proteins and, moreover, to force-
fully unfold already formed misfolded species, thus averting pro-
tein aggregation (Fig. 1, red leftward arrows).
A strong indication that chaperones are more than mere molec-
ular ‘‘sponges’’ passively preventing protein aggregation, is the fact
that all major chaperone families are ATPases, with the exception
of the small HSPs which are, however, closely collaborating with
the ATPase chaperones [43]. Thus, in the ﬁrst in vitro chaperone as-
say that was designed, the GroEL chaperonin without ATP could
effectively bind and prevent the aggregation of misfolding inter-
mediates of urea- or acid-unfolded RubisCO enzymes, with a Rubi-
sCO:GroEL stoichiometry of about 1:14 (protomers) [34]. ATP and
the co-chaperone GroES were then both necessary to induce the re-
lease of the inactive GroEL-bound RubisCO species, into soluble,
natively refolded RubisCO enzymes [34]. Later, a similar situation
was described with many chaperones and model substrates, in par-
ticular for GroEL/GroES and DnaK/DnaJ/GrpE chaperones with
urea- or Guanidinium-HCl-unfolded malate dehydrogenase and
rhodanese [44], or malate dehydrogenase that was prebound dur-
ing heat-denaturation without ATP and released from the chaper-
one after the heat-stress upon addition of ATP and GroES [45].
Whereas these experiments suggested that the primary role of
chaperone binding is indeed to prevent protein aggregation, and
the role of ATP hydrolysis to release the high-afﬁnity chaperone-
bound intermediates to refold in solution, the precise state of the
chaperone-bound polypeptides remained unclear. When tightly
bound to a chaperone such as GroEL or DnaK, is it unfolded, mis-
folded and/or also mildly aggregated? It has been long assumed, al-
beit on the basis of scarce experimental evidence, that the bound
polypeptides is nearly completely unfolded, since this served the
widely accepted model assuming that sequestration within the
GroEL or CCT cavities is at the center of the mechanism by which
cage-like chaperonins mediate the native refolding of aggrega-
tion-prone polypeptides [36,46,47]. Although other chaperones
do not necessarily form anti-aggregation cages, it was generally
maintained that also in the case of Hsp90, Hsp70, Hsp40 and the
small Hsps, the high-afﬁnity bound polypeptide substrate were un-
folded, as it optimally exposed hydrophobic residues to the hydro-
phobic binding sites of the chaperones [48]. The energy of ATP
hydrolysis was thus assumed to be necessary mostly to disrupt
the strong interactions between the unfolded species and the chap-
erones, and for the controlled release and native refolding of the
substrate, in way precluding wrong interactions with other aggre-
gation-prone refolding intermediates, as in the case of the secluded
release into chaperonin cages. Yet, this reasoning did not explain
how once dissociated form their polypeptide substrates, non-cage
chaperones could keep preventing the latters from aggregating,
while not being in direct physical contact with them. An alterna-
tive would be that the chaperone-released species are not obligato-
rily doomed to misfolding and aggregation and, provided they have
been unfolded enough by the chaperons, can naturally undertake
the ‘‘Anﬁnsen’’ spontaneous refolding pathway and reach their na-
tive state. But this implies that rather than preferably binding tocompletely unfolded polypeptides devoid of secondary structures,
chaperones should preferably bind with high-afﬁnity to stably mis-
folded polypeptides containing wrong beta-sheets with exposed
hydrophobic residues on their surfaces and that during or after
binding, the chaperones should be able to cause the unfolding of
the wrong misfolded structures in their bound polypeptide sub-
strates. Thus, the fundamental question of the precise conforma-
tion of bound chaperone substrates is directly relevant to the
possible mechanisms by which chaperones mediate the native
refolding of inactive polypeptide species: whereas completely un-
folded polypeptides cannot be further unfolded by the chaperones,
stable chaperone-bound misfolded polypeptides can be unfolded
by the binding chaperone, either spontaneously or upon subse-
quent ATP-fuelled power-strokes applied by the chaperone
machinery [20].
A ﬁrst indication that some molecular chaperones may also
interact with already misfolded polypeptides, and not exclusively
with completely unfolded species, came from the very ﬁrst
in vitro chaperone refolding assay [34] who showed that inactive
acid-denatured RubisCO, which contained many misfolded beta-
sheets as revealed by circular dichroism, was nearly as an amena-
ble substrate for subsequent GroEL-GroES + ATP dependent native
refolding reaction, as completely urea- or Guanidium HCl-pre-un-
folded RubisCO. This suggested that the chaperonin can apply an
unfolding force on stable pre-formed misfolded substrate species
during initial binding [49] and/or subsequent ATP hydrolysis and
GroES binding, allowing the substrate polypeptides, once released
from the chaperonin, to spontaneously refold to the native state.
Similarly, deuterium exchange and Fluorescence Resonance Energy
Transfer showed that denatured RubisCO underwent mild unfold-
ing upon mere binding to apoGroEL, and underwent an additional
extensive unfolding step upon subsequent ATP hydrolysis by GroEL
[50]. A similar ability of chaperones to directly act upon stably mis-
folded polypeptide species formed before hand in the absence of
binding chaperones, was conﬁrmed in vitro with the bacterial
Hsp70 chaperone system (DnaK/DnaJ/GrpE), which was found to
solubilize stable, preformed heat-denatured aggregates of the re-
porter enzyme G6PDH [51], by a mechanism that involved ﬁrst
unfolding of the small aggregates in a strict ATP-dependent man-
ner, then upon chaperon release, their refolding to the native state.
Similarly, DnaK/DnaJ/GrpE, assisted by the bacterial cochaperone
ClpB, could solubilize stable pre-formed MDH aggregates [52]
and yeast SSA and Hsp104 could reactivate stable preformed lucif-
erase aggregates, in a strict ATP-dependent manner [53].
Th-T is a ﬂuorescent probe that preferably binds to misfolded
beta sheets in misfolded and aggregated proteins [4,6,42,54]. As
Th-T by itself, apparently does not affect the partition equilibrium
between the various unfolded, misfolded, aggregated and native
states of a given polypeptide, nor the unfolding/refolding mecha-
nism and ATPase activities of the various molecular chaperone
tested, this allowed on-line follow up of the fate of the stable mis-
folded beta-structures in the misfolded substrate polypeptides
during initial chaperone binding without ATP, and subsequent
ATP-fuelled chaperone activity [5,6,42]. Thus, stable heat- pre-
denatured soluble aggregates of G6PDH, were shown to undergo,
ﬁrst DnaJ-dependent binding to DnaK, then ATP-dependent disag-
gregation and unfolding, then GrpE-mediated release, then native
refolding [54]. Various stable misfolded species, such as freeze–
thawed inactivated luciferase (FTluc), [6], freeze–thawed inacti-
vated rhodanese (FTrho), [4], heat-denatured MDH [52], which
were all prepared beforehand in the absence of ‘‘holding’’ chaper-
ones, were since shown ﬁrst to bind Hsp40 and Hsp70, then to be-
come unfolded by Hsp70 as a result of ATP hydrolysis, then to be
released from the chaperone in an nucleotide exchange factor-
accelerated manner [6], and ﬁnally to spontaneously refold to the
native state, much like in the original experiments of Anﬁnsen,
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Whereas, ClpB proved to be an effective ATP-fuelled co-chaperone
of DnaK at breaking down large preformed protein aggregates into
soluble species that were amenable to further DnaK/DnaJ/GrpE-
mediated unfolding/refolding [52,53], the Hsp110 chaperones,
which are orthologous Hsp70-like proteins, are effective co-chap-
erones of the Hsp70s in the ATP-dependent disaggregation of large
stable protein aggregates, such as stable luciferase aggregates fol-
lowing urea-unfolding, of a-synuclein ﬁbrils and of aggregated
polyglutamine repeats [55]. Remarkably, bacterial Hsp70 (DnaK)
may also act as a catalytic polypeptide unfoldase enzyme, which
can speciﬁcally bind stable misfolded luciferase monomers and,
upon ATP hydrolysis, unfold them by a mechanism combining di-
rect molecular clamping [56] and cooperative entropic pulling
[20]. Following unfolding, GrpE acts as an ATP-independent, ADP-
and substrate-release factor, liberating the unfolded polypeptide
from the chaperone grip, to spontaneously refold in solution to
the native state [6]. Noticeably, Hsp40 (DnaJ) that cannot hydro-
lyze ATP but can speciﬁcally recognize and bind misfolded or alter-
natively folded polypeptides and recruit Hsp70 (DnaK) to unfold
them [7], was reported also to exert upon binding to non-native
chaperone substrates some structural modulations suggestive of
a unique unfolding activity [57]. Likewise, trigger that closely col-
laborates at the ribosome exit with the DnaK/DnaJ/GrpE chaperone
machinery [58], can also by it self unfold pre-existing folded struc-
tures in the nascent polypeptide [19].
Thus, the present mechanistic picture has departed from the
text-book mechanism assuming that molecular chaperones serve
as mere ‘‘holding’’ surfaces preventing unfolded polypeptide ‘‘cli-
ents’’ to aggregate and using ATP to release the thus ‘‘saved’’ bound
unfolded species in a controlled manner, for example in the con-
ﬁnement of chaperonin ‘‘cages’’. The ﬁnding that chaperones, such
as Hsp70, GroEL and CCT can act iteratively on a molar excess of
stable preformed misfolded species that do not tend to aggregate
[4–6] and reactivate them into native proteins, demonstrates that
these chaperones must act directly on their misfolded or alterna-
tively folded substrate by ﬁrst unfolding them, thereby indirectly
also at preventing the aggregation of a subclass of substrates,
which may be aggregation-prone. Indeed, recent in vitro chaperone
assays with new types of protein substrates showed that molecular
chaperones, such as Hsp70, Hsp40, Hsp100, Hsp110 and the cage-
like GroEL and CCT chaperonins, can act as true unfolding catalysts
that recognize misfolded and aggregated polypeptide species with
high speciﬁcity and, upon binding, unfold them sufﬁciently so that5 
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Here, the energy of ATP hydrolysis may be used to forcefully un-
fold severely misfolded and aggregated species, as in the case of
ClpB or Hsp104 [52] and of Hsp110:Hsp70 complexes [59,60], into
sufﬁciently unfolded species which, upon chaperone release, can
spontaneously reach the low-afﬁnity native state. Such a mecha-
nism was recently shown to operate with the ring shaped GroEL
and CCT chaperonins on FTrho, on a stably misfolded inactive
monomer that neither tended to aggregate nor to refold to the na-
tive state by itself. Noticeably, FTrho was a severely misfolded spe-
cies as evidenced by its Th-T content, which was 3.5-fold higher
than native rhodanese, and by the fact that only a large molar ex-
cess of DnaK/DnaJ/GrpE and ATP could slowly convert it into the
native rhodanese [4]. Yet, substoichiometric amounts of apoGroEL
or of apoCCT so called ‘‘cage-chaperonins’’ [61,62] was found to
rapidly and extensively unfold FTrho and thus allow in several con-
secutive catalytic cycles, the substrate to refold out-of-cage to the
native state [5]. This unique ability of GroEL and CCT chaperonin
rings, but not of Hsp70, Hsp40, Hsp90 or Hsp100 chaperones to
bind (Fig. 2, step 2), then unfold (Fig. 2, step 4), then release, then
allow the native refolding (Fig. 2, step 5) of FTrho was highly efﬁ-
cient: each GroEL14 complex could effectively convert up to 15 sub-
strates into native rhodanese in consecutive turnovers, as
compared to classic stringent GroEL-dependent assays converting
at most two inactive polypeptide substrates per GroEL14 in a strict
ATP and GroES7-dependent manner [63].
Assuming that molecular chaperones are polypeptide unfoldase
catalysts, one would expect that, as in the case of regular enzymes,
the afﬁnity of the polypeptide unfoldase chaperone for its mis-
folded polypeptide substrates should be signiﬁcantly higher than
for its natively refolded products. Such a property is particularly
important in the cell where molecular chaperones must be able
to target rare sporadically forming misfolded intermediates among
an overwhelming majority of surrounding native proteins that pos-
sibly compete with the misfolded species for chaperone binding.
Such differences of afﬁnities are experimentally illustrated in
Fig. 3, where 0.5 lM of stable misfolded FTrho monomers were re-
folded as in [5] by GroEL + GroES (1 lM protomers each) without
or with ATP (5 mM), without or with 10 lM of native MDH.
Remarkably, the presence of a 20-fold molar excess of native
MDH, which is a typical native chaperonin product [64], indeed
mildly reduced the rates of chaperonin-mediated rhodanese4 
2 
6 
7 
3 
1 
8 (ATP) 
either assemble into a compact aggregate relatively resistant to chaperones (1), or
s not sufﬁciently unfold the misfolded species, the unfoldase catalytic sites of the
ly unfolds the misfolded species (4), this forms a partially unfolded species that may
neously refold to the native state (6) or misfold again (7) and re-enter the chaperon
e stalling misfolded species from the chaperone catalytic unfolding sites (8) and/or
Fig. 3. GroEL is a catalytic polypeptide unfoldase with high afﬁnity for misfolded
substrates and low afﬁnity for natively folded products. Stable misfolded inactive
FTrho monomers (0.5 lM) was incubated without (empty symbols), or with 10 lM
of native MDH (full symbols), without (green lines) or with GroEL + GroES (1 lM
protomers each), without (red lines) or with ATP (black lines) and rhodanese
activity was measured with time as in Priya et al. 2013 [5].
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the excess native MDH. This clearly indicates that although native
MDH may transiently bind with low afﬁnity the GroEL active sites,
and compete with the processing (binding, unfolding, release) of
FTrho substrates, in the long term, this is inconsequential. Thus,
contrary to the FTrho species, that following several catalytic turn-
overs may gradually stall the unfoldase reaction with over sticky
FTrho species [5], the native MDH species didn’t apparently form
over sticky species, although in a control experiment, pre-bound
heat-denatured MDH could completely stall the GroEL-mediated
FTrho unfoldase reaction [5]. Thus, stably misfolded polypeptides
are indeed high-afﬁnity substrates and natively folded polypep-
tides low afﬁnity products of the chaperonin unfoldases.
An ATP-independent polypeptide unfolding activity is not ther-
modynamically improbable as up to 12% of the FTrho can sponta-
neously convert into the native state in 18 h [5]. Thus, the free
energy of FTrho is likely higher than that of the native rhodanese
and chaperonin rings can serve as simple catalysts to accelerate
more than 300 folds the spontaneously refolding reaction by low-
ering the kinetic barrier between two states: the initial metastable
misfolded state and the ﬁnal more stable native state of the poly-
peptides. As chaperones don’t change the chemical composition of
their misfolded polypeptide substrates, polypeptide unfoldases,
such as Hsp70, Hsp100, CCT and GroEL should be classiﬁed among
the EC class 5 isomerases. Like Type II topoisomerase (EC 5.99),
they may hydrolyze ATP to fuel their isomerization mechanism be-
tween states and like Peptidyl prolyl isomerases (EC 5.2.1.8), they
don’t need to break covalent bonds to merely change the orienta-
tion of abnormally exposed hydrophobic residues with high afﬁn-
ity for the chaperone, into natively internalized residues with low
afﬁnity for the chaperone.
A central question yet remains as to how the unfolded interme-
diate state of the reaction, which owing to the strong hydrophobic
interactions must have the highest afﬁnity for the chaperone cata-
lytic sites, may end up dissociating from the chaperone within a
biologically reasonable time-scale and allow completion of the na-
tive refolding in solution (Fig. 2, step 4)? This may be possible if the
unfolding of the misfolded substrate occurring upon GroEL binding
for example, would have far-reaching effects also on the more dis-
tal misfolded structures of polypeptide substrate, beyond the
hydrophobic regions that directly bind the chaperone. Such globalunfolding could allow the distal unfolded segments to start seeking
local native-like structures. The thermal movements on both sides
of the chaperone-binding sites of such bulkier structures could
then apply a sheering force of entropic origin [20] on the binding
sites, thereby gradually decreasing the afﬁnity of the natively
refolding intermediate for the chaperone.
In the artiﬁcial in vitro case of apoGroEL with FTrho, up to seven
full consecutive catalytic cycles of binding, unfolding, release and
native refolding could take place without ATP, until the ring-like
catalytic unfoldase GroEL7 sites became stalled by over-sticky
intermediates that failed to thereafter dissociate within a reason-
able amount of time and thus acted as competitive inhibitors of
the unfoldase reaction (Fig. 2 step 3). This situation called for the
intervention of an ancillary mechanism of regeneration of the ac-
tive sites that used the energy of ATP hydrolysis to favor the force-
ful transient re-orientation inside out of the GroEL apical domains,
away from the over sticky intermediates, and the consequent tran-
sient binding of the GroES mobile loops, leading to the concerted
dissociation of the over sticky intermediates (Fig. 2, step 8) and
their native refolding in solution (Fig. 2, step 6). Thus, apoGroEL
and apoCCT behave as true catalytic polypeptide unfoldase en-
zymes that can target the earliest misfolded conformers in the pro-
teotoxic misfolding and aggregation pathway and, at very little to
no ATP cost, readily revert metastable, aggregation-prone mis-
folded species into unfolded polypeptides with a renewed chance
to enter into and proceed trough the native folding and assembly
pathway.
2. Conclusion
Molecular chaperones, such as Hsp70/Hsp110/Hsp40, GroEL/
GroES, CCTs, ClpB and possibly also Hsp40, trigger factor and
Hsp90s, should not be considered as mere anti-aggregation buffers,
but as polypeptide unfolding catalysts that can act iteratively and
therefore more efﬁciently, on the earliest misfolding intermediates
of the proteotoxic misfolding and aggregation pathway. Moreover,
chaperones may use ATP to forcefully evict and recover over-sticky
intermediates that may stall the catalytic unfoldase sites of the
chaperones, and/or apply an unfolding/pulling force on the more
stably aggregated forms, to be solubilized (Fig. 1, red reverse path-
way) and ﬁnally converted into sufﬁciently unfolded species to
reenter the native folding pathway (Fig. 1, green pathway). Thus,
as polypeptide unfoldases, molecular chaperones rather than hav-
ing to be 50%, of the cellular total protein mass need to be only 10%,
to protect and recover the 90% remaining proteins, or in cases of
irreversible damages, to re-route polypeptides to the proteolytic
degradation pathway, albeit at a much higher ATP cost [3,6]. Anf-
insen was undoubtedly correct assuming that polypeptides should
in principle be able to spontaneously reach their native state with-
out assistance of other proteins. Indeed we ﬁnd experimentally
that chaperones are not folding catalysts giving speciﬁc folding
instructions to polypeptides, a function that would hardly be com-
patible with their ubiquitous ability to act upon different protein
substrates. Rather, chaperones are ubiquitous unfolding catalysts
that can ubiquitously recognize abnormal (hydrophobic) struc-
tures on the surface of their misfolded and aggregated polypeptide
substrates and thus serve as effective passive fences and active cel-
lular defenses against proteotoxic conformers causing protein mis-
folding degenerative diseases and aging.Acknowledgment
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